Systemic lupus erythematosus (SLE) is a systemic autoimmune disease mediated by a chronic and excessive inflammatory response 1 . Damage to multiple organs results from the dysregulated immune inflammatory response mediated by autoantibodies (autoAbs) and immune complexes in SLE. For example, nephritis occurs in approximately 50% of SLE patients and induces premature death [2] [3] [4] [5] . Proinflammatory cytokines contribute to the pathogenesis of SLE. Indeed, serum levels of proinflammatory cytokines, such as interleukin (IL-1β, IL-6, and tumor necrosis factor (TNF)-α are correlated with SLE activity 6 . IL-17 is a proinflammatory cytokine involved in the development of several autoimmune diseases, including SLE. The serum level of IL-17A and numbers of IL-17-producing T cells were increased both in patients with SLE and in a mouse model of lupus 7, 8 . In addition, the number of IL-17-producing T cells in peripheral blood is increased in SLE patients 9, 10 , and an elevated serum IL-17 level is correlated with SLE progression 10 .
Systemic lupus erythematosus (SLE) is a systemic autoimmune disease mediated by a chronic and excessive inflammatory response 1 . Damage to multiple organs results from the dysregulated immune inflammatory response mediated by autoantibodies (autoAbs) and immune complexes in SLE. For example, nephritis occurs in approximately 50% of SLE patients and induces premature death [2] [3] [4] [5] . Proinflammatory cytokines contribute to the pathogenesis of SLE. Indeed, serum levels of proinflammatory cytokines, such as interleukin (IL-1β, IL-6, and tumor necrosis factor (TNF)-α are correlated with SLE activity 6 . IL-17 is a proinflammatory cytokine involved in the development of several autoimmune diseases, including SLE. The serum level of IL-17A and numbers of IL-17-producing T cells were increased both in patients with SLE and in a mouse model of lupus 7, 8 . In addition, the number of IL-17-producing T cells in peripheral blood is increased in SLE patients 9, 10 , and an elevated serum IL-17 level is correlated with SLE progression 10 . (2019) 9:5227 | https://doi.org/10.1038/s41598-019-41534-1 www.nature.com/scientificreports www.nature.com/scientificreports/ In SLE patients, the population of T follicular helper (Tfh) cells, which play a key role in B-cell differentiation into plasma cells in the germinal centers (GCs), as well as autoAb production, are increased 11, 12 . IL-17 is associated with Tfh, GCs, and autoAbs. Indeed, autoAb overproduction is reportedly caused by IL-17 stimulation of peripheral blood mononuclear cells from patients with lupus nephritis 13 . Moreover, IL-17 activates B cells and promotes formation of GCs 14 , as do IL-17-producing Tfh cells 15 . Roquin was identified as a CCCH-type zinc finger protein and diminish abnormal inducible T cell co-stimulator (ICOS) expression on T cells 16, 17 . It has been demonsrated that Roquin deficiency leads to autoimmunity in Roquin san/san mice that are homozygous for a point mutation in Rc3h1, the gene that encodes Roquin 17, 18 . Indeed, Roquin san/san mice showed dysregulation of immune response and used as a murine model of SLE 16, 19 . Supplementary Fig. 1 ). We observed that IgG, IgG1, and IgG3 levels were increased significantly in Roquin san/san mice compared to C57BL/6 mice (Fig. 1A) . Moreover, the expression and production of IL-17 were upregulated significantly in Roquin san/san mice compared to C57BL/6 mice (Fig. 1B) . The numbers of IL-17-producing CD4
+ T cells and CD19 + B cells were increased in Roquin san/san mice (Fig. 1C,D) . Supplementary Fig. 1 ). Compared to Roquin san/san mice, serum IgG, IgG1, and IgG3 levels were reduced (Fig. 3A) . The frequency of Treg cells was confirmed by flow cytometry (Fig. 3B ). Foxp3 expression in Tfh cells was also increased by IL-17 deficiency in Roquin mice (Fig. 3C ). These findings suggest that loss of IL-17 results in an increased Treg population in Roquin san/san mice. 
IL-17 deficiency inhibits Tfh cell differentiation in Roquin

CD5
+ Breg cells were increased in IL-17-deficient Roquin san/san mice (Fig. 6A,B) . We have shown the existence of IL-17-producing B cells in Roquin san/san mice. These results suggest that IL-17 + B cells and Breg cells exert opposite effects on the autoimmune response in SLE.
Discussion
Although IL-17 is associated with the pathogenesis of SLE, and Roquin san/san is related to the SLE phenotype, the relationship between IL-17 and Roquin san/san is unclear. SLE is characterized by systemic inflammation and overproduction of proinflammatory cytokines, including IL-17 [6] [7] [8] . AutoAb production and B-cell activation are related to the pathogenesis of SLE. B-cell activation leads to autoAb secretion 24 . Indeed, SLE is characterized by B-cell differentiation to plasma cells 25 . Moreover, the serum autoAb level is elevated in SLE patients 26 . B cell-targeted therapy involving inhibition of B-cell activation has been proposed 27 . In this study, IL-17 deficiency reduced B-cell differentiation and GC formation in Roquin san/san mice. Serum IgG, IgG1, and IgG3 levels were decreased by IL-17 deficiency in Roquin san/san mice. These results suggest that IL-17 has promise as a target for the development of novel therapeutics in SLE.
Because SLE is an inflammatory autoimmune disease 24 , Tregs and IL-10 are important factors in its treatment. Indeed, the frequency of CD4 + CD25 high FoxP3 + Tregs is decreased in SLE patients 28, 29 . IL-10 is produced as an effector molecule by Tregs, and IL-10 receptor expression was reduced in a mouse model of SLE 30, 31 . In this study, IL-17 deficiency enhanced Treg differentiation and IL-10 production by effector T cells in Roquin san/san mice. Furthermore, IL-17 deficiency reduced the severity of SLE by increasing the number of Treg cells and the production of IL-10.
The effect of Roquin mutation on IL-17 production has to date been unclear. Our results provide insight into the role of IL-17 in the pathogenesis of SLE: Roquin mutation increased the expression of IL-17 in T and B cells. Thus, IL-17 can be considered a therapeutic target for SLE.
Materials and Methods
Ethics statement. The Animal Care Committee of The Catholic University of Korea approved the experimental protocol. All experimental procedures were evaluated and carried out in accordance with the protocols approved by the Animal Research Ethics Committee at the Catholic University of Korea (ID number:CUMC-2014-0103-03). All procedures performed followed the ethical guidelines on animal use.
Animals. Male C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME, USA), Roquin san/san mice (Jackson Laboratory), and Roquin san/san/ IL-17 −/− mice aged 15-20 weeks were maintained in groups (n = 9 per group) in polycarbonate cages in a specific pathogen-free environment. IL-17 KO mice were obtained from Dr. Y. Iwakura (University of Tokyo, Tokyo, Japan). Roquin san/san mice were backcrossed with IL-17 knockout mice over 10 generations, and the mice were selected by genotyping PCR. The mice were provided with ad libitum access to mouse chow (Ralston Purina, St. Louis, MO, USA) and water.
Measurement of immunoglobulin (Ig) and IL-17 concentrations. Serum concentrations of IgG,
IgG1 and IgG3 were measured using mouse IgG, IgG1 and IgG3 enzyme-linked immunosorbent assay (ELISA) Immunohistopathological analysis of kidney. Mouse kidney tissues were fixed in 4% paraformaldehyde, decalcified in ethylenediaminetetraacetic acid (EDTA) bone decalcifier, and embedded in paraffin. Tissues were sectioned at 7 μm thickness, dewaxed using xylene, dehydrated through a gradient of alcohol, and stained www.nature.com/scientificreports www.nature.com/scientificreports/ with hematoxylin and eosin (H&E). The severity of the kidney pathology score was graded on a 0-4 scale as follows 32 : 0 = normal; 1, a small increase of cells in the glomerular mesanguim; 2, a larger number of cells in the mesangium; 3, glomerular lobular formation and thickened basement membrane; 4 glomerular crescent formation, sclerosis, tubular atrophy and casts.
Statistical analysis. Statistical analysis was performed using IBM SPSS Statistics 20 for Windows (IBM Corp., Armonk, NY, USA). The significance of differences among multiple groups was evaluated by one-way analysis of variance (ANOVA); if a significant difference was detected, the Bonferroni post hoc test was used to assess the significance of differences between individual groups. Comparisons of numerical data were performed using the nonparametric Mann-Whitney U test (two-tailed). Values of p < 0.05 were considered indicative of statistical significance. Data are presented as means ± standard deviation (SD).
